ABSTRACT -
INTRODUCTION
Solanaceae is one of the most diverse plant families, which includes many important species such as tomato, tobacco, pepper, potato, eggplant and petunia. According to Bindler et al. (2006) the members of Solanaceae family have a variable genome size, ranging from less than 950 Mb (tomato) to approximately 3,000 Mb (pepper). Besides that, these members also differ from each other in habit, habitat and morphology (Knapp 2001 (Knapp , 2002 . Estimates of species diversity in the family range from 9,000-10, 000 species, with about 2,000 of those being species of a large cosmopolitan genus Solanum (Knapp 2002) .
Chloroplast DNA (cpDNA) has been widely used to infer plant phylogenies at different taxonomic levels. It is possible because of the maternal inheritance of the chloroplast genomes (plastomes), whereas nuclear genomes have biparental inheritance and polyploidy that may cause difficulties for phylogenetic analyses (Nishikawa et al. 2002) . The plastome is an important source of genetic markers for phylogenetic analysis; population-level studies, genotyping and mapping that can be used for genomic characterization and interspecific comparison (Raubeson et al. 2007) .
Studies of chloroplast sequences from Solanaceae species have shown that those sequences are highly conservative among related species (Melotto-Passarin et al. 2008) .
Many studies have identified chloroplast microsatellites in complete sequenced chloroplast genomes of different plants (Nishikawa et al. 2005) . Microsatellites or Simple Sequence Repeats (SSRs) are ubiquitous, hypervariable, abundant and well distributed throughout the genomes of many eukaryotic and prokaryotic species (Nishikawa et al. 2005 , Rajendrakumar et al. 2007 ). The SSRs can be considered as non-coding repetitive DNA regions composed of small motifs of one to six nucleotides repeated in tandem (Oliveira et al. 2006) .
Studies with SSR markers can also provide important information to identify conservation in motifs, investigate the genetic processes that occur in a plant population (Heywood and Iriondo 2003) and infer evolution and phylogenetic processes. Based thereon, it was hypothesized that the SSR of plastome of Solanaceae species could be used as genetic marker and not only an occurrence during plastid evolution within the family. Therefore the SSRs sequences of cpDNA from Atropa belladonna, Nicotiana sylvestris, N. tabacum, N. tomentosiformis, Solanum bulbocastanum, S. lycopersicum and S. tuberosum, which are Solanaceae species, were analyzed with the following objectives: 1) to assess the organization of SSRs in their genic and intergenic regions at Solanaceae species plastomes; 2) to analyze the utility and potential of SSRs to be integrated in Solanaceae phylogenetic analysis.
MATERIAL AND METHODS

Search for SSRs in chloroplast genome of Solanaceae species
The chloroplast DNA sequences of Solanaceae species from GenBank were used for the purpose of generating SSR data. These sequences included the chloroplast genomes of Atropa belladonna (GenBank Accession # AJ316582; Schmitz-Linneweber et al. 2002) , Nicotiana sylvestris (GenBank Accession # AB237912; Yukawa et al. 2006) , N. tabacum (GenBank Accession # Z00044; Shinozaki et al. 1986) , N. tomentosiformis (GenBank Accession # AB240139; Yukawa et al. 2006) , Solanum bulbocastanum (GenBank Accession # DQ347958; Daniell et al. 2006) , S. lycopersicum (GenBank Accession # AM087200) and S. tuberosum (GenBank Accession # DQ231562; Chung et al. 2006) . SSRs were identified and localized using the software FastPCR (Kalendar et al. 2009 ), which identifies mono-, di-, tri-, tetra-, penta-and hexanucleotide repeats.
We have considered only those repeats, wherein the motifs were repeated as follows: mononucleotide repeats with a repeat length ≥8 nt; dinucleotide with a repeat length ≥5 nt; tri-, tetra-, penta-, hexanucleotide with a repeat length ≥3 nt for further analysis. Also, we have considered ≤9 nt interrupting the interrupted microsatellites type. The rationale for choosing a low cut-off value is that SSRs are often disrupted by single base substitution (Subramanian et al. 2003) . The occurrence of repeats in genic and intergenic regions was identified based on the sequence annotation information available in GenBank database.
Phylogenetic reconstruction and sequence analysis
SSR sequences of plastomes of each Solanaceae species were concatenated and all of them were aligned using the multiple alignment algorithm CLUSTAL W (Thompson et al. 1994) , with subsequent manual correction following the guidelines of Kelchner (2000) . The aligned matrix was imported into MEGA4 software version 4.0 (Molecular Evolutionary Genetics Analysis) for phylogenetic analysis (Tamura et al. 2007 ). Maximum parsimony tree was obtained from the resulting matrix using heuristic search options. Searches with 1,000 replicates of random addition sequences (saving no more than 30 trees per replicate to reduce time spent swapping large islands of trees) with the tree bisection reconnection (TBR) branchswapping algorithm and MulTrees on (keeping the multiple equally mostparsimonious trees).
Internal support was assessed using 1,000 bootstrap replicates (Felsenstein 1985) . Groups with bootstrap percentages of 90-100 were considered to be strongly supported, 80-89 moderately supported and 50-79 weakly supported. Only groups with bootstrap > 50 that are consistent with the strict consensus tree are shown.
A distinct phylogenetic analysis was estimated by maximum parsimony with the following species: A. belladonna, N. sylvestris, N. tabacum, N. tomentosiformis, S. bulbocastanum, S. lycopersicum and S. tuberosum , based on the unrooted tree method.
RESULTS AND DISCUSSION
Frequency and distribution of SSRs in genic and intergenic regions
Seven different plastomes from Solanaceae family, representing 1,245,917 bp, were mined for microsatellites. SSRs were analyzed for type, abundance, and distribution (genic and intergenic regions). A total of 1,567 SSRs were identified, with an average frequency of 1.26 SSR per kb, which is a low EV Tambarussi et al. frequency compared to the rice chloroplasts (6.5 SSR per kb) (Rajendrakumar et al. 2007 ) and is higher when compared with Eucalyptus ESTs (0.37 SSR per kb) (Ceresini et al. 2005) and Citrus ESTs (0.5 SSR per kb) (Palmieri et al. 2007 ). This was expected since the occurrence of particular microsatellite motifs and repeats (especially the non-trimeric ones) could have implications on how the gene coding region is transcribed, due to risks of frameshift mutations (Metzgar et al. 2000) .
When unit size repeat were analyzed, the mononucleotide type was the most abundant repeat in all eight plastomes studied, a result that agrees with Rajendrakumar et al. (2007) in a study on rice chloroplasts, and differs from Cardle et al. (2000) in a study on Arabidopsis, who found dinucleotides as the most common, and from that of Varshney et al. (2002) , who found trinucleotides as the most frequent in ESTs of some cereals, followed by dinucleotides. The results suggest that in organellar genomes like chloroplast the mononucleotides SSRs are the most abundant.
According to the type of repeat sequence, microsatellites are classified as: perfect (sequence with uninterrupted motifs), imperfect (repeat sequence with interrupted motifs), interrupted (small sequence within the repeated sequence that does not match the motif sequence) or composite (sequence contains two adjacent distinctive sequence-repeats). All these were found in chloroplast genomes of the Solanaceae species studied. Researches with microsatellite markers can also provide important information to identify conservation units, to investigate the genetic processes that occur in a population (Heywood and Iriondo 2003) and to understand evolution and phylogenetic processes.
The mononucleotide SSR type reaches the maximum of 72.56% in N. tabacum. Similar results were obtained in rice chloroplasts (Rajendrakumar et al. 2007 ). Among the other repeats, di-, tri-and tetranucleotides showed variations at frequencies for all species, ranging from 4.0% in N. tabacum to 8.2% in N. tomentosiformis, 12.5% in N. sylvestris to 18.5% in S. bulbocastanum, and 4.9% in N. tabacum to 11.8% in S. bulbocastanum, respectively. Penta-and hexanucleotide repeats were represented in proportions of 0.6 to 4.7% and 0.0 to 1.1%, respectively (Table 1) .
In general the number of intergenic SSR in the Solanaceae family was more abundant than genic SSR (Table 2 and 3) . It also occurs in rice chloroplast (Rajendrakumar et al. 2007) , probably due to an associated lower polymorphism of coding regions in contrast to non-coding ones. In general, the adenine/ timine-rich repeat motifs are most common in SSRs and were also the most abundant in the Solanaceae family analyzed.
Among the mononucleotide repeats, the A/T motif was found to be more abundant than C/G in exons in all taxa studied by Tóth et al. (2000) , which is in agreement with our data, in which A/T motif was found to be more abundant than C/G either in genic (98 -100%) and intergenic (95.4 -100%) chloroplast regions and also agrees with rice chloroplasts (Rajendrakumar et al. 2007) .
The AT/AT motif was the most common dinucleotide repeat in the different chloroplast genomes (75 -84.6%). This motif was the most frequent in intergenic regions and in Nicotiana species genic regions, in agreement with rice (Rajendrakumar et al. 2007 ) and chloroplasts from other species (Powell et al. 1996) . However dinucleotide repeats differ in the genic regions from the others species analyzed. In A. belladonna the GA/TC motif is frequent in genic regions, which also happen with S. tuberosum and S. bulbocastanum and S. lycopersicum that do not present dinucleotide repeats in the genic region. Among the dinucleotide repeats, the CG/CG repeat was extremely rare in genic and intergenic regions of the organellar genomes (Rajendrakumar et al. 2007 ) and in the Solanaceae family studied this motif does not occur. For trinucleotides, the ATT/AAT and GAA/TTC motifs were the most common, and reached 51.4% in A. belladonna and 36% in N. tomentosiformis, respectively. Among intergenic regions, the trinucleotide ATT/AAT motif was the most abundant (36.4 -70% of intergenic trinucleotide) and in the genic regions the most frequent was GAA/TTC (33.3 -60% of genic trinucleotides). The most common tetranucleotide repeats were TTTA/ TAAA (13.3 -44.4%), GAAA/TTTC (3.1 -25%) and AGAA/TTCT (0 -20%). All chloroplast genomes studied present these three different tetranucleotide SSR motifs, except N. tabacum and N. sylvestris that do not present the third one. Among the intergenic tetranucleotides SSR motifs, the most frequent was the TTTA/TAAA repeat (16.7 -50%). With respect to the genic regions there is no consensus among the species, while in A. belladonna, S. lycopersicum and Nicotiana species in general the most abundant motif was GAAA/ TTTC (20 -100%), in the Solanum species in general the AGAA/TTCT motif was the most common (20 -25%). Excluding A. belladonna and S. tuberosum that do not present hexanucleotide SSR motifs, the remaining penta-and hexanucleotide repeats were represented by different motifs but they are rich in A/T nucleotides and were much more abundant in intergenic regions (Table 3) .
Despite SSR motif types, abundance and mutation rates are different among species, with a wide range of genetic properties (Cruz et al. 2005) , they seem to be similar in chloroplast genomes within the same genera in the Solanaceae family.
Phylogenetic Analysis
The phylogeny of some Solanaceae species was estimated based on the multialignment of concatenated SSRs.
The analysis includes 7 species of Solanaceae. Of the 8,517 characters from aligned SSR matrix, 6,415 are constant. Among the 2,102 variable characters, 1,122 are parsimony-uninformative and 980 are parsimony informative. The analysis of this data set identified the most parsimonious tree (Figure 1 ). The ingroup is divided into two main clades, one containing S. tuberosum, S. bulbocastanum and S. lycopersicum; another one composed by Nicotiana species. The A. belladonna was not grouped in a specific clade and this species has the most divergence in the SSR multialignment sequence, exhibiting transversal, transition and indel mutations. Although, when tobacco is compared with A. belladonna, indel mutations rarely are situaded in conserved domains. Moreover, all the 113 genes identified in A. belladonna chromosome plastid are found in tobacco plastids, arranged in identical order (SchmitzLinneweber et al. 2002) . Five clades had robust bootstrap support (95-100% bootstrap support; Figure 1) . Borisjuk et al. (1994) pointed out that the New World Solanum species is more related to S. lycopersicum than to other Solanum species. Nucleotide sequence analysis of a phylogenetically informative part of the 3' end of 25S rDNA confirmed a closer relationship between tomato and potato than between tomato and tobacco, previously detected by Southern hybridization with an intergenic spacer element fragment of Solanum tuberosum as hybridization probe (Borisjuk et al. 1994) .
Examples abound of the importance of a phylogenetic framework for diverse areas of plant research (for review, see Daly et al. 2001) . One obvious example is the value of placing model organisms in the appropriate phylogenetic context to obtain a better To be continued … understanding of both patterns and processes of evolution. The fact that tomato and other species of the small genus Lycopersicon are actually embedded within the well-marked subclade Solanum (and, hence, are more appropriately referred to as species of Solanum; tomato has been renamed Solanum lycopersicum; e.g., Spooner et al. 1993 , Olmstead et al. 1999 ) is a powerful statement that is important to geneticists, molecular biologists, and plant breeders for comparative genetic/genomic research and for crop improvement. These results are also in agreement with previous data obtained by calculation of nucleotide substitution rates in cpDNA (Kawagoe and Kikuta 1991) , which demonstrated that evolutionary separation between Solanum and Lycopersicon occurred considerably later than between these two genera and Nicotiana (as discussed by Borisjuk et al. 1994 ).
The phylogenetic analysis based on the SSRs presented here shows clearly that Solanum, as defined traditionally, is a paraphyletic taxon. A paraphyletic group contains some, but not all, of the descendants from a common ancestor. The members included are those that have changed little from the ancestral state; those that have changed more are excluded: a paraphyletic group contains the rump of conservative descendants from an ancestral species. Thus, the absorption of Lycopersicon by Solanum seems justifiable (Melotto-Passarin et al. 2008) . As was expected, our results indicated the high identity between tomato and Solanum species, which have the same types and amounts of SSRs (Table 3) . A. belladonna is the most divergent species of the Solanaceae family based on the SSRs of plastome sequence multialignment. The results presented here suggest that nucleotide sequence polymorphism of SSRs should be included in analysis with multiple chloroplast regions and can contribute to the resolution of phylogenetic studies of Solanaceae and related species. Daniell et al. (2006) sequenced the cpDNA of S. bulbocastanum and S. lycopersicum for a comparative analysis with other Solanaceae genomes. They affirmed that only four spacer regions are fully conserved (100% sequence identity) among all genomes; deletions or insertions within some intergenic spacer regions result in less than 25% sequence identity, underscoring the importance of choosing appropriate intergenic spacers for plastid transformation and providing valuable new information for phylogenetic utility of the chloroplast intergenic spacer regions. In general the number of intergenic SSR in the Solanaceae family are more abundant than genic SSR (Table 2 and 3), probably due to an associated lower polymorphism of coding regions in contrast to noncoding ones. These results show the importance of studying the potential of integration of cpDNA SSRs, which is more frequent in intergenic regions, in phylogenetic analysis.
Our results are in agreement with Daniell et al. (2006) and we assume that the SSRs represent marker position and not only isolated occurrence during plastid evolution within the family.
In conclusion, we have demonstrated a generic approach for assessing genetic variation in Solanaceae. Our study identified genes possessing SSRs in plastome (data not showed). The repeat motifs are not uniformly distributed across the Solanaceae plastomes but mostly confined to intergenic regions. A few of the genic SSRs have been found to be significantly different among Solanaceae plastomes, which may be helpful in specific PCR markers. The high sequence conservation of the cpDNAs will make it easier to design primers that may work even in relatively distant species. The SSR markers developed in the present study could also be useful in determining the maternal origin of Solanaceae species and in phylogenetic studies. SSR markers could be included in analysis with multiple chloroplast regions to improve the resolution of phylogenetic studies of the species studied. 
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